Marine bacterioplankton were isolated and grown in batch cultures until their growth became limited by organic carbon (C), nitrogen (N), or phosphorus (P). Samples were taken from the cultures at both the exponential and stationary phases. The elemental composition of individual bacterial cells was analyzed by X-ray microanalysis with an electron microscope. The cell size was also measured. The elemental content was highest in exponentially growing cells (149 ؎ 8 fg of C cell ؊1 , 35 ؎ 2 fg of N cell ؊1 , and 12 ؎ 1 fg of P cell ؊1 ; average of all isolates ؎ standard error). The lowest C content was found in C-limited cells (39 ؎ 3 fg of C cell ؊1 ), the lowest N content in C-and P-limited cells (12 ؎ 1 and 12 ؎ 2 fg of N cell ؊1 , respectively), and the lowest P content in P-limited cells (2.3 ؎ 0.6 fg of P cell ؊1 ). The atomic C:N ratios varied among treatments between 3.8 ؎ 0.1 and 9.5 ؎ 1.0 (average ؎ standard error), the C:P ratios between 35 ؎ 2 and 178 ؎ 28, and the N:P ratios between 6.7 ؎ 0.3 and 18 ؎ 3. The carbon-volume ratios showed large variation among isolates due to different types of nutrient limitation (from 51؎ 4 to 241 ؎ 38 fg of C m ؊1 ; average of individual isolates and treatments ؎ standard error). The results show that different growth conditions and differences in the bacterial community may explain some of the variability of previously reported elemental and carbonvolume ratios.
To quantify the flow of energy and nutrients among organisms in an ecosystem, one must be able to determine their elemental content. For microorganisms, this is usually done by the use of conversion factors, e.g., carbon-cell, carbon-volume, or elemental ratios. Cell content of carbon (C), nitrogen (N), and phosphorus (P) as well as conversion factors reported in literature vary substantially (reviewed in references 7 and 8) . The large variability of these factors can be due to several reasons. The elemental content can vary among taxa (27) , and the growth conditions can also affect the elemental composition (7, 10, 20, 30) . Furthermore, there may be methodological problems, such as large errors in cell size estimations and systematic differences between different methods (19) .
Most conversion factors have been derived from bulk experiments in which the elemental content is determined from cells collected on a filter, followed by a chemical analysis. The conversion factor is then calculated from these values, and cell number or cell volume is determined with a microscope (1, 19, 27) . With these methods, there may be problems with interference from detritus, especially in natural systems. Furthermore, these analyses give an average value of the elemental content per cell and no measurement of individual cells. Therefore, little is known about how the elemental content of individual cells varies.
It has been shown for both marine and freshwater bacteria that the cell size decreases when the bacterial cells become C limited (12, 16, 27) . Growth limitation by inorganic nutrients has been reported to both increase and decrease bacterial cell size (12, 16) . The C content per bacterial cell generally decreases when the cell growth rate becomes growth limited, while the carbon-volume (C:V) ratios have been reported to both increase and decrease (7, 27) . Most of the studies of the C content of bacteria have been conducted with native cells, cells that are enriched or C limited, or cells with unknown growth conditions. However, studies of the effect of limitation by inorganic nutrients on the elemental content of bacteria are more rare. P and N limitation of bacterioplankton growth seems to be more common in both marine and limnetic systems than previously thought (6, 29) . It is therefore important to increase the knowledge of how the growth conditions affect the elemental content and the elemental content-volume ratios of cells.
The macromolecule composition and thereby the stoichiometry of a bacterial cell is affected by both growth rate and nutrient availability. For example, the RNA content is correlated with growth rate (25) . RNA is usually the largest P pool of the cell, and the growth rate will therefore affect the P content of the cell. However, P can also be stored as polyphosphate during growth limitation and thereby affect the P content of the cell (32) . Other compounds, such as carbohydrates, can also be stored during growth limitation (31) and therefore affect the stoichiometry of the cell.
In the present study, it was investigated how C, N, and P limitation affect the elemental content (C, N, and P) and cell volume in pure cultures of bacteria isolated from the marine water column. The analyses of the C, N, and P content of individual bacterial cells were conducted by X-ray microanalysis with a transmission electron microscope.
MATERIALS AND METHODS
Isolation of bacterioplankton. Seawater was sampled from Raunefjorden, 15 km south of Bergen, Norway (60°16ЈN, 5°14ЈE), in October 1997. Four Erlenmeyer flasks received 250 ml of autoclaved seawater. No nutrients were added to one of the Erlenmeyer flasks. One flask was enriched with a full medium containing P (20 M KH 2 PO 4 , final concentration), N (160 M KNO 3 , final concentration), organic C (350 M glucose, final concentration), and trace metals (f/2 medium [11] ). One flask received full medium except that the amount of P was reduced to 1/10, and one flask received full medium except that the concentration of organic C was reduced to 1/10 of that in full medium.
To each flask, 10 ml of seawater filtered through 1.0-m filter was added. The cultures were allowed to grow for 5 days at 8°C and were then streaked on agar plates (M65 medium [11] ). When colonies had developed on the plates, one colony from each agar plate was streaked on a new plate. This procedure was repeated three times. This gave us four bacterial isolates that had been isolated in different nutrient conditions (Table 1 ). The isolates were stored frozen in 15% glycerol at Ϫ80°C until the experiments were conducted.
Growth experiments. The media were based on aged seawater to which P, N, organic C, trace metals (f/2 medium [11] ) and vitamins were added (f/2 medium [11] ). Bacterial isolates were grown in media in which the bacterial growth in the end was limited by either organic C, N, or P. The nutrient content of the different media is presented in Table 2 . The P content of the media was reduced compared with a typical bacterial C:N:P ratio (atomic) of 50:10:1 (7), since preliminary tests showed that the bacteria reached stationary phase later in the P-limited treatments than in the other treatments.
Before the experiments started, the isolates were grown in full medium. Then, 5 ml of the bacterial culture was transferred to the experimental bottles at the late exponential or early stationary phase, giving a bacterial abundance varying between 0.25 ϫ 10 6 and 1 ϫ 10 6 cells ml Ϫ1 at the start of the experiments. The carryover of nutrients in the inoculum was negligible.
The experiments were carried out with batch cultures at 8°C and in the dark; 300 ml of sterile medium was added to 500-ml Erlenmeyer flasks and stirred magnetically at low speed to mix the cultures. All four isolates were grown in a medium so that their growth finally became limited by organic C. Samples for X-ray microanalysis were taken during exponential growth (with the exception of isolate 3) and at stationary phase (all isolates). Isolates 1, 2, and 3 were grown in a medium in which N became limiting for further growth. Samples for X-ray microanalysis were taken at stationary phase for all three isolates and at exponential growth for isolate 3. Isolates 2 and 3 were also grown in a medium in which P became limiting for further growth. Samples for X-ray microanalysis were taken at stationary phase. Each treatment was carried out in duplicate, but usually the X-ray microanalysis were conducted on only one of the duplicates.
Bacterioplankton abundance, biovolume, and cell shape. Growth of the bacteria was measured by monitoring the optical density at 600 nm. Bacterial abundance was analyzed by epifluorescence microscopy after staining with DAPI (22) . The bacterial cell volume was determined in a transmission electron microscope by measuring the length and width of the bacteria (21) . This was conducted on the same cells that were analyzed by X-ray. The width-length ratio was used as a measure of cell shape.
X-ray microanalysis. All major elements of individual particles, except hydrogen, were analyzed by X-ray microanalysis as described in detail by Norland et al. (21) . Unfixed bacterial cells were harvested by centrifugation (17,000 ϫ g, 15 min) on 100-mesh Al grids (Agar Scientific, Ltd.) supported with carbon-coated Formvar film. The grids were air dried on filter paper at room temperature. The elemental contents of individual bacterial cells were analyzed with a Joel 100CX transmission electron microscope equipped with a Tracor Z-MAX 30 X-ray detector featuring silicon crystal and Norvar single window for light element detection. An analysis of the carbon-coated film was made for each cell analysis. This background value was subtracted from the cell measurement. For each isolate and treatment, 8 to 16 cells were analyzed. The dry weight was calculated as the sum of all elements, assuming the hydrogen content was one-sixth of the C content (21) . The elemental contents are reported as weights, and the elemental ratios are atom atom Ϫ1 ratios. Statistical analyses. The effects of growth conditions (exponential growth and limitation of P, N, and organic C) and differences among isolates in C, N, and P content, C:N, C:P, and N:P ratios, cell volume, dry weight, C:V ratio, and cell shape were determined by analyses of variance. The data were log 10 transformed to obtain equal variance. Differences in growth conditions were tested as both differences among cells in exponential and stationary phase (all types of growth limitation as one group) and differences between different types of growth limitation (P, N, and organic C). Data from all four isolates were used in the former analyses. In the latter, only the two isolates that had been tested on all types of limitation were used.
RESULTS
Bacterioplankton growth phases. The stationary phase was reached after 42 to 120 h, depending on the treatment (Fig. 1 ). There was some variation between the experiments when different isolates reached stationary phase, but the shapes of the growth curves were similar. The bacterial numbers varied among different treatments at stationary phase and were approximately 200 ϫ 10 6 , 30 ϫ 10 6 , and 70 ϫ 10 6 ml Ϫ1 in C-, N-, and P-limited cultures, respectively. The samples from cultures growing exponentially were taken within the first 24 h. Samples from the stationary phase were taken after 42 or 72 h for Cand N-limited cultures and after 120 h for P-limited cultures.
Elemental content and dry weight. Different growth conditions resulted in large differences in C, N, and P content as well Table 3 ). Overall, the C content per cell varied between 3 and 276 fg of C cell Ϫ1 (individual cells), the N content between 0.4 and 71 fg of N cell Ϫ1 , the P content between 0.4 and 25 fg of P cell Ϫ1 , and dry weight ranged from 39 to 884 fg cell Ϫ1 . However, there was generally relatively low variation in elemental content and dry weight within the same isolate and treatment, with the exception of P limitation ( Table 3 ).
The C, N, and P contents as well as dry weight per cell were higher in growing cells than in growth-limited cells (Table 3) . The different types of nutrient limitation also had a significant effect on the C, N, and P content. Among the growth-limited treatments, the C-limited cells also had on average the lowest C content and dry weight. C-limited cells had on average only 26% of the C content of exponentially growing cells. There were no significant differences in C content per cell among isolates, but the dry weight varied (Table 4 ). Both C-and P-limited cells had lower N and P contents than N-limited cells. In nutrient-limited cells, there were significant differences in N and P content between different isolates.
Elemental ratios. The average atomic C:N:P ratio of exponentially growing cells was 32:6.4:1. C-limited cells had a C:N:P ratio of 34:9.2:1, N-limited cells had a ratio of 42:7:1, and P-limited cells had a ratio of 172:16:1. The average C:N:P ratio (all treatments) was 45:7.4:1. The C:N ratio of individual cells varied between 2.3 and 44, the C:P ratio varied between 14 and 358, and the N:P ratio varied between 2.0 and 36 (atom atom Ϫ1 ). The C:N, C:P, and N:P ratios varied significantly among isolates (Table 4 ). Different types of growth limitation had significant effects on the elemental ratios. In stationary phase, C limitation resulted in the lowest C:N and C:P ratios, P limitation resulted in the highest C:P and N:P ratios, and N limitation resulted in the lowest N:P ratio (average values) ( Table 5) .
Cell volume, cell shape, and C:V ratio. The growth conditions had significant effects on bacterial cell volume ( Fig. 3 ; Table 4 ). The cell volume also varied significantly among isolates. The bacterial cell size decreased when the growth of the cells became limited, with the exception of isolate 3 ( Table 3) . Cells of isolate 3 did not change or increase in cell size during growth limitation compared with exponential growth. Average cell volume was smallest in C-limited cells. However, the decrease in cell volume when the bacterial cells became C-limited varied among isolates from a 25% reduction (not significant, t test; P Ͼ 0.05) to a 90% reduction. The shape of the cells, measured as the ratio of width to length, varied both among isolates and by growth condition (Tables 4 and 5 ). The widthlength ratio increased when the cells became C limited and P limited compared with when they were growing exponentially. The effect of N limitation varied among the isolates.
The relatively small variation in C content and large variation in cell volume resulted in large variations in the C:V ratios ( Table 5 ). The C:V ratio of individual cells varied from 12 to 605 fg of C m Ϫ3 . Exponentially growing cells had the highest C:V ratio (average for all isolates). However, there was no significant difference when comparing the C:V ratio of growing cells with that of cells in stationary phase (as one group) ( Table  4) . Among nutrient-limited cells, C limitation led to the highest C:V ratio (on average), even though it was lower than for cells in exponential phase. There were differences in the C:V ratios among isolates (Table 4) . However, there were no trends in how the C:V ratio of different isolates varied due to different growth conditions, i.e., some isolates increased while others decreased the ratio when their growth became nutrient limited. The largest variation in the C:V ratio among isolates within the same treatment was during exponential growth (Table 5) .
DISCUSSION
The growth conditions had significant effects on the C, N, and P content of the bacterial cells. The elemental content was lower in cells in stationary phase than in cells in exponential growth. The C, N, and P content of the cells were in the upper range or higher than have been reported previously for native bacteria (7, 9, 14, 15 ) and the same as or lower than reported for cultured bacteria (7, 20) . Since it is cells in stationary phase that have elemental contents that are in the same range as for native bacteria, this indicates that organic carbon and/or inorganic nutrients are often in short supply in natural systems. This is in agreement with previously published data that show that limitation of bacterioplankton growth by inorganic nutrients and organic carbon is common in both freshwater and marine systems (6, 17, 29) . It has previously been shown that the C content is substantially reduced when bacterial cells reach stationary phase (7). Furthermore, Troussellier et al. (27) found a reduction in C content during the first 7 days of C starvation. Our results indicate that other types of growth limitation also result in lower C content, since the C content per cell decreased in the N-and P-limited treatments. Furthermore, the N and P content of the cells decreased when the cells became growth limited, regardless of the type of limitation (C, N, or P). Bacterial cells that are N or P limited have been reported to increase their relative amount of carbohydrates (31) . This may contradict our results, but in the study of Wanner and Egli (31), the total cell C content was not measured. The increased amount of C-rich macromolecules may be due to a redistribution of C within the cell and not an increased uptake.
The C:N ratios varied between 3.6 and 12 (average of individual isolates), which is within the range that has been reported for both marine and freshwater native bacteria (7, 9, 15, 19) . Exponentially growing bacteria had a C:N ratio of 5.2 (average of all isolates), which is close to the C:N ratio (average, 5.5) that was reported previously for newly produced bacterial biomass (4).
The C:P ratios of the bacteria were lower in all treatments, except at P limitation, than what have been reported for natural bacteria (4, 7). However, this can be expected because P a Cells that had a P content below the detection limit were omitted from the calculation of P content (n ϭ 8). was in surplus in all these treatments and bacteria have the ability to store phosphorus (3, 32). Vadstein and Olsen (28) suggested from chemostat experiments that bacteria were P limited at C:P ratios of 21 to 152 atom atom Ϫ1 . The P-limited bacteria in the present study had a higher C:P ratio (178, average of treatment), which could be expected because the P limitation was probably very severe in stationary phase. The C:P ratios of the bacteria in the treatments with a surplus of P were lower (average of individual isolates varied between 25 and 70) but above the lower range of P limitation as reported by Vadstein and Olsen. Even though our data are based on only two isolates, they indicate that the C:P range of P limitation may be more narrow than has been suggested earlier.
The N:P ratios of the bacteria varied between 5.5 and 19 (average of individual isolates), which is within the range of what has been reported for natural systems (4, 7) . Both the C:P and N:P ratios were lowest at exponential growth. This is in accordance with Chrzanowski et al. (4), who found that a growing bacterial population had lower C:P and N:P ratios than when the bacterial abundance was declining. The C:P and N:P ratios of newly produced bacterial biomass were higher (44.4 and 8.5, respectively) in the study of Chrzanowski et al. (4) than what was found in the present study of exponentially growing cells (35 and 6.7, respectively). However, the P concentrations were probably higher in the growth media in the present study, leading to lower C:P and N:P ratios, compared with the enrichment experiments of Chrzanowski et al. (4) , which were conducted with concentrated lake water. The C:N ratios of the bacteria varied less than the C:P and N:P ratios when comparing N and P limitation. Low variation in the C:N ratio with respect to the N:P ratio of the medium has also been found in experiments with Pseudomonas fluorescens (3).
C limitation resulted in the lowest C:N ratios of all treatments. The relative amount of carbohydrate has been shown to be lower in C-limited bacteria than in N-limited bacteria (26) , which may explain the low C:N ratio in our experiments. The C:P ratio increased during C limitation compared to exponential growth, which may contradict the above explanation. However, RNA is a large P pool in the cell, and the RNA content is correlated with growth rate (25) . The higher C:P ratio may therefore be due to a lower RNA content.
The N:P ratio increased when the cells became C limited, which indicates that the relative amounts of N are less affected by C limitation than the amounts of P. RNA contains approximately the same amount of N and P. However, while RNA is the largest P pool of the cell, there are other N-rich macromolecules, such as proteins, that constitute a larger fraction of cell dry weight than RNA (2, 26) and therefore constitute a larger proportion of the N content of the cell. A reduction in RNA content will therefore not affect the total content of N as much as the total content of P. Protein can also be degraded during starvation, but this seems to occur in a later starvation a Cells that had a P content below the detection limit were omitted from the calculation of C:P and N:P ratios (n ϭ 8).
VOL. 68, 2002 ELEMENTAL COMPOSITION OF BACTERIOPLANKTON 2969 phase (13) and probably did not occur in our experiments, which studied the effect of short-term starvation. Growth limitation by N resulted in higher C:N ratios than C limitation. This can be expected because the protein content in N-limited cells can be lower than that in C-limited cells (26) . When the bacterial cultures became P limited, the C:P, C:N, and N:P ratios were highest, and the opposite pattern was found at exponential phase. This can be explained by high RNA content in growing cells (25) and by the fact that RNA can be used as a P reserve when the cells become P limited (18) . Since bacteria can store P as polyphosphate (32) , one can expect lower C:P and N:P ratios when elements other than P are limiting the growth and P is in excess, which was also the case in our experiments. However, this storage capacity of P was not so large that it could cover the P losses due to a reduction in RNA content that probably occurred during growth limitation.
The cell volume varied significantly both between growth conditions and among isolates. The large differences in cell size between C-and P-limited cells resulted in a much higher optical density for P-limited cells even though the cell numbers in the P-limited treatments were lower. Several studies have shown that C limitation causes a reduction in the cell volume and can result in ultramicrocells (12, 16, 27) . Growth limitation by N and P has also been shown to decrease the cell volume of marine bacteria (16) . In contrast, only minor changes in cell volume have been reported for a marine ultramicrobacterium grown over a range of C concentrations (5) . In the present study, with the exception of one isolate, the cell volume decreased when the cells became C limited. However, depending on isolate and treatment, nutrient limitation led to increased, decreased, or unchanged cell volume. Thus, the results show a large variation in how different bacterial isolates respond to growth limitation.
The shape of the cell (measured as the width-length ratio) differed significantly among both growth conditions and isolates. The average width-length ratio increased when the cells became nutrient limited, but there were differences among the isolates. Holmquist and Kjelleberg (12) have shown that Nlimited cells can form filaments and P-limited cells become swollen and rod-shaped. Among the growth-limited cells in the present study, N-limited cells usually had the lowest widthlength ratio, which indicates an increase in length and/or a decrease in width. However, the overall lowest width-length ratio was found among exponentially growing cells. This indicates that there may be differences among bacterial strains in how their morphology changes when they become growth limited.
The C:V ratios in the present study are in the same range as reported previously for natural bacteria (7, 19, 23, 24) . Depending on the isolate, growth limitation resulted in an increased or decreased C:V ratio. Studies of natural bacterial communities show large variations in C content and in the C:V ratio (7, 9, 14, 19, 24) . If our results are representative for a majority of aquatic bacteria, this indicates that a large fraction of the variation in C content is due to different growth conditions in natural environments.
Our results indicate that conversion factors should be used with caution. The elemental content of the cells as well as the elemental and C:V ratios showed large variability among isolates and under different growth conditions. Standard conversion factors may therefore not always be good descriptors of either native or cultured bacteria. This is especially important in manipulated systems (for example, in enrichment experiments), in which the growth conditions and the bacterial community composition are affected.
